The design of steel jacket fixed offshore structures in zones of moderate seismicity is typically governed by Metocean loads. In contrast the steel gravity structure (SGS) presented in this paper, is a heavy and stiff structure. The large mass results in foundation forces from seismic events that may exceed those created by extreme cyclonic storm events. When computing the earthquake response of such structures it is essential to account for soil-structure interaction (SSI) effects.
INTRODUCTION
SSI is the process in which the response of the foundation soil influences the response of the structure/foundation and vice-versa. SSI effects can typically be conservatively neglected for lighter non-gravity based offshore structures. However, appropriate inclusion of SSI effects for heavier structures will both allow a more optimized foundation design and also avoid the potential for unconservative design for the foundation, superstructure and equipment/piping systems. The importance of SSI effects in seismic design of concrete gravity structures (CGS) was recognized by previous researchers [1, 2, 3] . ISO design standards for offshore concrete structures require that SSI be accounted for when performing dynamic analysis [4, 5] . CGS projects located in high seismic zones have also considered the use of seismic isolation to further reduce the seismic response of tanks [2] as well as seismic isolation of the topsides as has been implemented in Sakhalin I and II offshore platforms [6] .
SSI analysis types fall in two principal categories: direct method and impedance method. In the direct method the structure(s) and the soil are included in one large coupled finite element (FE) model and the dynamic solution is obtained in the time domain thus allowing explicit consideration of soil or structural nonlinearity [7] . The disadvantage of this method is that a very large FE model is required which will mostly consist of soil elements to place the model boundaries sufficiently far from the structure to insure that spurious wave reflection at the boundaries does not affect the response of the structure. As a result the structural part of the model, which is the main reason for the analysis, has to be represented by a simplified model. The impedance model is a substructuring method whereby the SSI problem is solved in three steps, solving kinematics effects by determining the foundation response, the impedance model by establishing the dynamic stiffness of the foundation and the coupled structural/foundation model [8] . In this method the soil nonlinearities can be accounted for using equivalent linear modeling and the dynamic solution can be calculated using the response spectrum method (RSA) or time history method using frequency domain or combination of frequency domain and time domain solutions.
An alternative method for SSI, the Flexible Volume Method (FVM) combines the features of the direct and impedance methods. The SSI problem is analyzed using a sub structuring approach where the problem is subdivided into a series of sub-problems. Each sub-problem is solved separately and the results are combined in the final step of the analysis to provide the complete solution using the principle of superposition. The structure is modeled using finite elements and the impedance is calculated from the dynamic flexibility matrix which is calculated from dynamic point load solution applied to a layered soil medium. The dynamic solution is obtained using the complex response method in the frequency domain. The methodology is implemented in SASSI program [9] which is the preferred choice for performing SSI analysis of complex structures on arbitrary shaped flexible foundations including embedment effects. Recently the SASSI program has been modified incorporating advances in computer processing technologies. The new program, MTR/SASSI [10] , makes it possible to efficiently analyze structures with over 100,000 nodes [11] thus eliminating the need for simplifying the structural model.
The objective of this paper is to compare the MTR/SASSI results with the results of various computer programs that use the impedance method to represent the foundation soil media and provide calibration for the various methods that use solutions that are less rigorous than MTR/SASSI. Both the modal superposition RSA procedure commonly used for the ELE analysis and THA used for the ALE analysis were considered. To that effect the results from four widely used computer programs, which implement foundation stiffness and damping using different procedures, were compared. For the RSA --SACS and CAPFOS using constant modal damping that can also vary for each mode, ANSYS using composite modal damping, and SAP2000 using viscous dashpots. For the THA -CAPFOS and ANSYS use equivalent Rayleigh damping and viscous dashpots SAP2000 uses viscous dashpots. All software use modal analysis for the RSA with the exception of SAP2000 which can also use Ritz vectors. The THA analysis is performed in the frequency domain in SASSI and time domain in ANSYS, CAPFOS (direct integration) and SAP2000 (Modal or Ritz superposition). The results are then compared with those of SASSI that explicitly models the soil media as semi-infinite layered soil system. 
NOMECLATURE

ALE
Abnormal Level Earthquake
STRUCTURE DESCRIPTION
The SGS platform consists of a single integrated topside facility of approximately 35,000 tons, and a steel gravity substructure weighing approximately 22,000 tons installed in 70m water depth. The platform is constructed offshore, and floated to its final position where it is installed and ballasted in on a gravel pad 0.5 to 1 m thick. The SGS base footprint is about 75 by 103 meters, with four square foundations (22.5 x 22.5 meters) resting on the gravel pad overlying the insitu ground, which is relatively stiff rock. The foundation mats are connected by four horizontal pontoons. Only the four foundation mats contact the seabed, with each foundation located centrally beneath each of the corner columns. The four SGS columns are 14m square with rounded corners near the waterline and increase to 24m square at the foundation level. The columns and pontoons form the main structural elements of the substructure. These are welded rectangular tube type assemblies with internal longitudinal and transverse stiffeners. The columns have orthogonal vertical bulkhead stiffeners running through their entire height providing additional stiffness to the outside tube assembly. Near the mid-height of the columns are tubular truss cross bracings interconnecting the columns and the pontoons. Cylindrical stubs (3.8m diameter) at the top of each column provides support for the topsides and interface for the topsides installation. The topside is constructed of steel beams forming truss sub-assemblies combined to form the structural system. The flare boom is a major steel truss sub-structure attached to the topsides. Steel floor decks act as diaphragms providing in-plane horizontal stiffness. Various production equipment and the living quarters module are installed on the topside at various locations and are represented by their respective masses. To achieve adequate foundation stability, approximately 120,000 MT of solid ballast will be used to prevent foundation movement during seismic and cyclonic storm events. When computing the dynamic response of such structures to earthquakes and waves it is essential to account for soil-structure interaction (SSI) effects.
SEISMIC DESIGN GROUND MOTION RECORDS
A probabilistic seismic hazard assessment (PSHA) was performed for the platform site. The platform was analyzed for two design level earthquakes, the ELE (Extreme Level Earthquake) with a return period of 500 years; and the ALE (Abnormal Level Earthquake) with a return period of 3000 years. The design spectra were developed at the ground surface for site class C conditions and are shown in Figure 1 . The vertical design spectra were assumed to be half the horizontal spectra. Seven sets of acceleration time histories were selected and spectrally matched to the 5 percent damped ELE design spectra, and a different set of seven time histories were spectrally matched to the 5 percent damped ALE design spectra. In the analysis input time histories were specified at the mudline. While seismic ground accelerations at the site are low to moderate, the large SGS mass will result with foundation design forces that equal or perhaps exceed those created by cyclonic storm events thus necessitating a detailed seismic analysis.
DYNAMIC SOIL PROPERTIES
The SGS is supported on a rock blanket which is assumed to be 1m thick on an idealized soil profile representative of Site Class C. The soil is assumed to be 50m thick with constant properties overlying an elastic halfspace. The analyses were performed for four foundation sediment cases for both lower bound (LB) and upper bound (UB) conditions. These four foundation cases included:  LB rock blanket over LB soil (LRLS)  LB rock blanket over UB soil (LRUS)  UB rock blanket over LB soil (URLS)  UB rock blanket over UB soil (URUS)
The foundation cases also corresponded to two earthquake strain levels (ELE and ALE), making a total of eight analysis cases. The assumed foundation material properties for all cases are summarized in Table 1 . These are assumed to be strain compatible and no additional adjustment is made to the soil modulus. The semi-infinite halfspace properties were: Vs = 953 m/s, Poisson's Ratio = 0.30 and damping = 3%. 
MODEL DEVELOPMENT AND VALIDATION
The design team had developed a design level ANSYS [12] threedimensional model of the structure for static analysis, see Figure 2 . The SGS was modeled with 3D shell elements and the topsides with beam elements and consisted of 261,000 elements and 157,000 nodes. A dynamic model was then developed by incorporating added and entrapped mass and ballast. The updated ANSYS dynamic model was converted to MTR/SASSI without major alteration to the element and node numbering scheme used in ANSYS.
The various checks that follow were performed to verify the conversion:
 Compare the total weight and center of gravity for the topsides, SGS, entrapped and hydrodynamic mass.  Check the static stiffness of the models by applying unit forces at the top of the legs and comparing displacements.  Check the dynamic stiffness of the two models by applying uniform static accelerations equivalent to 1g applied in the x, y and z directions and compare displacements. In addition the base shear and base overturning between the two models were compared. For example with 1g load in the y direction the ANSYS base shear was 3,258 MN and SASSI was 3,259 MN and the overturning moments were 110,503 MN-m and 110,593 MN-m.  Compare fixed-base natural frequencies from ANSYS with MTR/SASSI. The first two natural periods from ANSYS were 2.7 sec. and 2.72 sec. in the x and y directions and from SASSI 2.73 sec. for both x and y. Based on these comparisons it was concluded that the ANSYS dynamic model was accurately converted to MTR/SASSI.
For the SSI analysis the detailed model, Figure 2 , was simplified. Although it would have been possible to use the detailed model to perform the SASSI SSI analysis it was necessary to simplify the detailed SGS/Topsides model to make it more amenable to the various analysis techniques that were used in the comparisons presented below. The simplification involved converting the SGS legs, pontoons and bracing from plate elements to equivalent beam elements (stick model), see Figure 3 . The topsides model was kept as it was in the detailed model. Fixed base time history analysis (soil is assumed to be rigid) was performed using SASSI. The results obtained from the fixed base simplified model compared favorably with the response obtained from the detailed fixed base model.
SASSI SSI Analysis
The simplified SASSI SGS model was then supported on a layered soil medium with the properties defined in Table 1 . Time history analysis was performed in the frequency domain to calculate the SSI response. The SASSI SSI results form the basis of the analyses and are used to verify and align the results obtained using the other different analysis methods described in this paper. To demonstrate the effects of SSI on the dynamic response of the SGS the average fixed base response spectra calculated at the base of the SGS (dashed lines) are compared with the response spectra with SSI included (solid lines) in Figure 4 . The spectra in the x, y and z directions are shown. It can be seen that in both the horizontal and vertical direction there is a significant reduction in response below 0.25 seconds. The maximum zero period accelerations are also reduced. Figure 4 also shows that response at longer periods can be amplified if SSI is included. This could be mainly due to rocking of the structure. This reduction in response is even more strongly manifested when comparing the average response at the top (EL +23.1m above MWL) of the SGS columns, see Figure 5 .
The foundation reaction forces calculated using MTR/SASSI for fixed base conditions, LRLS and URUS are compared in Table 2 . They represent the average for nine input time histories for the ALE. The beneficial effects of SSI can clearly be seen. As the foundation strata become more flexible the loads are reduced. For example the base shear for the softest soil case analyzed, LRLS, is reduced by 52 percent. 
Foundation flexibility
In most SSI analyses, especially for foundations that are founded on the surface of a soil medium, the substructure problem is simplified by assuming that the foundations are structurally rigid. This allows reduction of the SSI problem to a set of springs and dashpots that are then attached directly to the structural model. This is usually referred to as the impedance method. SASSI has the ability to perform such analysis in addition to the more detailed SSI approach described in the previous section using the flexible volume method. In order to test the effect of foundation flexibility on the overall response one of the SASSI cases was repeated after modifying the foundation footings to behave as rigid structures. The spectra at the top of one of the columns are compared in the x, y, and z directions and are shown in Figure 6 . It can be concluded that for the foundation cases analyzed, the foundation flexibility does not significantly affect the SSI response. This conclusion is strongly dependent on the foundation rigidity and cannot be generalized to other structures without performing a similar type analysis with SSI software such as SASSI that can account for foundation flexibility. The remaining analysis methods investigated in this paper all assume a structurally rigid foundation. 
SSI KMC (Impedance) Method
The interaction between the SGS foundation and the foundation sediments was modeled following the sub-structuring method developed by Kausel et al. [8] . Foundation dynamic impedance properties in terms of spring, mass and dashpot (KMC) parameters for the SGS foundation were developed using MTR/SASSI. The frequency dependent impedance properties were calculated for "One Pad" and "Four Pads" models each analyzed for four soil cases summarized in Table 1 and for two earthquake levels (ELE and ALE), making a total of eight analysis cases.
The "One" pad model was subjected to a unit harmonic force of 1N applied individually in the horizontally and vertically directions to the single pad model to develop translational stiffness properties in the x-(or y-) and z-directions, respectively. A unit moment of 1 N-mm was applied about the center of the "One pad" model to develop rotational stiffness properties about the x-axis (or y-axis). The "Four Pads" model consisted of the four foundation pads, where each pad has been loaded in a similar fashion as that in the "One Pad" model. The model used can be seen in Figure 7 . The response of the "One Pad" and "Four Pads" models is extracted by outputting analyses results from the center of each foundation pad. In the "One Pad" model, results from only one node were extracted; for the model with four foundation pads, results from four nodes (corresponding to the centers of each single foundation pad) were extracted to develop a 6x6 flexibility matrix including the coupling terms with respect to frequencies. The foundation impedance functions were obtained by inverting all the 6x6 flexibility matrices. From these results, stiffness matrices with complex number entries were developed for multiple frequencies. From the stiffness matrices, real components represent the foundation dynamic stiffness, K, and the imaginary components represent the combined foundation material and radiation damping, ωC and imaginary components were extracted. For illustration purposes the impedance functions in the x and z directions are shown in Figure 8 . The difference between "one" and "four" pads can be seen in Figure 8 . Similar functions were calculated in the other degrees of freedom (not shown).
While the MTR/SASSI methodology can accommodate frequency dependent impedances when calculating the dynamic response most other dynamic analysis software requires the use of a constant frequency independent spring and dashpot. This is achieved by linearization of the real and imaginary parts of the impedance functions. For the analysis presented in this paper, as shown in Figure 8 , it can be seen that the stiffness term does not vary greatly in the range of frequencies of interest, 0 to 5 Hz and can be assumed constant. The linearization consisted of selecting the static value of stiffness. (i.e. Ko and setting M to zero). The example shown in Figure 8 , represents the case for LB rock and LB soil and ELE input, as detailed in Table 1 In some cases the stiffness is more strongly dependent on frequency and sometimes resulting in negative stiffness. Incorporating this stiffness in most software would require the use of a constant stiff and the addition of a fictitious virtual mass (M) term to the same node where the springs are attached to the structure. M is selected using the least square fit of (K0-ω 2 M) to the real component of the impedance function at the frequency of interest. In this paper M is set to zero.
The linearization for the imaginary part of impedance function consisted of obtaining a best linear fit ωC to this function, where ω=2πf (f is the frequency in Hz) and C is a constant. This constant C is determined by the least square fit between a frequency range of interest, which in this case is between 0 Hz and 5 Hz. The value assigned for C represents the radiation damping characteristics of both "One Pad" and "Four Pads" models. The final linearization for each case can be seen in Figure 8 The value of C represents a viscous dashpot term that is attached to the structure and should not be confused with material damping. The structural material damping is represented by the complex shear modulus for the material, G*, defined by the following equation:
where G is the element material shear modulus and β is the material critical damping ratio. This method allows the damping to vary for different elements (materials). This is particularly useful in SSI systems in which the material damping in the structure and the soil is different, or if the structure is composed of different materials such as concrete and steel. The way different dynamic analysis programs model damping varies depending on the procedure used to solve the dynamic equation of motion. While SASSI can accurately incorporate both the effects of frequency dependency and viscous damping, most time domain programs cannot. For this project there was a need to analyze the structure using different commonly used software. For design of the topsides SACS [13] was used, for design of the SGS it was preferable to use ANSYS [12] . In addition CAPFOS [14] and SAP2000 [15] were used for assurance purposes. The best approach to use in SSI analysis for each program is described below.
RESPONSE SPECTRUM ANALYSIS
The industry preferred method of seismic analysis and design is the response spectrum analysis (RSA). In this section the assumptions required for performing RSA in SACS, ANSYS, CAPFOS and SAP2000 are presented and key results obtained from the three methods are compared. Results from time history methods are detailed later in this paper.
SACS RSA SSI Model
The simplified SASSI model was converted to a SACS model. Various comparisons were performed to validate the conversion. SACS is a popular program that is often used for the analysis and design of offshore structures. The static springs previously defined from the foundation impedance analyses were used. For damping, dashpots cannot be used directly in SACS. The program requires either a constant damping for all modes or modal damping that varies per mode. Various damping values (including modal damping that changed with frequency) were tried and the results were compared with MTR/SASSI results. It was concluded that a constant modal damping value for each soil case was sufficient and that additional refinement of the damping values did not significantly improve the results. For ELE a constant modal damping of 5% for LB soil and 3% for UB soil were used. This damping is higher than the expected structural damping which for ELE was 2%. It should be noted that the design spectra were developed for 5% damping. Response spectra for other damping values (β %) in the range of 0.5% to 20% were calculated using the following equation as recommended in the seismic hazard analysis study:
ANSYS RSA SSI Model
The conditioned SACS model was converted to an ANSYS simple beam model. This included converting members to equivalent beam elements, plates to 4-node shell elements, and related section and material properties from SACS to ANSYS format. Offset members were connected from their offset positions to the original work-points with rigid elements. Loads applied to model beam member density, equipment loads, etc., were converted to nodal forces and masses. Buoyancy loads, entrapped mass, hydrodynamic mass, and other loads and masses that were automatically calculated by SACS were manually calculated and added to the ANSYS model. The ANSYS model contained all retained DOFs. The same SSI springs applied in SACS were used in the ANSYS model. SSI damping can be modeled as constant modal damping or modal damping that varies per mode. ANSYS also has the option of specifying SSI damping as a dashpot and computing the composite modal damping. Structural damping was assigned to each zone in the model. For the ELE, it was 2% for the SGS and topsides and 1% for the boom. The program then calculated the appropriate composite damping for each mode.
CAPFOS RSA SSI Model
The SACS model was converted to CAPFOS using the CAPFOS software. The CAPFOS model retains all DOFs as dynamic DOFs. The same SSI springs as in SACS were used. SSI damping was modeled as constant modal damping. The program can also specify modal damping that varies for each mode. CAPFOS was used for assurance to validate the SACS results
SAP2000 RSA SSI Model
The simplified MTR/SASSI model was converted to SAP2000. The model was validated by comparing the fixed base modes with the fixed base ANSYS model. The same SSI springs presented above were used in the SAP2000 model. Modeling of SSI damping is similar to ANSYS. The most appropriate method for modeling damping for SSI with SAP2000 is to input the damping as viscous dashpots and the program will calculate the composite modal damping. The calculated composite damping varied from 2 percent (assumed ELE structural damping) to 27 percent for modes associated with strong SSI effects. 
Modal (Eigen) Analysis
The first step of the RSA was to calculate the modes and mode shapes. The ANSYS or CAPFOS software retain all DOFs as dynamic DOFs when calculating the modes. A review of the SACS results showed that frequencies and mass participation factors were highly sensitive to the number of nodes with retained DOFs. It was observed that if a suitably large number of dynamic DOFs were not retained in SACS; critical modes were missed and resulted in erroneous dynamic responses when compared to ANSYS or CAPFOS. As more dynamic DOFs were retained in SACS the results approached those calculated by ANSYS and CAPFOS. In SACS the specification of retained DOFs is up to the user. It is essential that a sufficient number of DOFs are retained when calculating the modes and mode shapes to insure accurate dynamic results. SAP2000 has two options for this step; standard modal analysis or Ritz analysis. The advantage of the Ritz method is that fewer modes are required to capture a sufficient percentage of the dynamic mass participation.
The modal analysis results are summarized in Table 3 . In general there is good comparison in the modal frequencies obtained using SACS, CAPFOS, ANSYS and SAP2000. The corresponding mode shapes for the first 23 modes were also in good agreement. With SAP2000 the frequencies were calculated using standard Eigen value solver as well as Ritz vectors. The total modal participation factor from the four programs is shown in Table 4 . It can be seen that in ANSYS and CAPFOS with 1000 modes extracted, 100 percent participation is not achieved, while with SAP2000 and Ritz method, 100 percent participation in all three directions is reached with 200 modes. This is one of the main advantages of the Ritz method [16] . 
RSA Results
Maximum accelerations computed using RSA are compared with the base MTR/SASSI results in Table 5 . The accelerations were calculated at the top of the SGS legs and the topsides top deck corners (average of four locations). The first set of results were obtained from MTR/SASSI using time history analysis. The second set are from SACS assuming constant 3 percent damping for all modes, the third and fourth sets are SAP2000 using 2 percent structural damping plus SSI damping (composite). The third set of results were for a response spectrum input that was calculated directly from the time history used as input in MTR/SASSI, referred to as NRWR, while the input used in the fourth set was the design spectrum scaled to 3 percent damping. Important differences were observed when comparing the design spectrum to the spectrum calculated directly from the spectrally matched time histories. The differences were significant at 2 and 3 percent damping. The table also shows the ratio of the calculated RSA acceleration to the target MTR/SASSI value. In general the SACS results which are used for design envelope the target results. Additionally, as to be expected better match is obtained when the response spectrum is calculated directly from the time history for the applicable damping rather than using the target design spectrum.
TIME HISTORY ANALYSIS
In addition to the RSA described above, the ALE alignment was also performed using time history analysis (THA) method. The target solutions were generated using MTR/SASSI. The THA analyses were performed using ANSYS, CAPFOS and SAP2000. The assumptions to implement SSI effects in each program are described below.
ANSYS THA SSI Model
The same RSA ANSYS model was used for the THA. The SSI spring values are the same as above. SSI damping was modeled as a viscous dashpot. For the ALE the MTR/SASSI model assumed a structural damping of 3% for the SGS and topsides and 2% for the flare boom. To model this difference in the ANSYS THA model equivalent Rayleigh damping was used to specify the structural damping. Different Beta factors were specified for the flare boom elements to reflect lower damping. The resulting damping curves are shown in Figure 9 . It can be seen that for frequencies compatible with the main structural modes, the damping value are close to the target structural damping. The dynamic response was calculated using the direct integration method.
CAPFOS THA SSI Model
The CAPFOS THA was performed using direct integration and the same modeling assumptions as in ANSYS.
SAP2000 THA SSI Model
SAP2000 incorporates several methods for dynamic time history analysis. For this comparison The Ritz method with the Fast Nonlinear Analysis method (FNA) was used to calculate the time history response, Wilson [16] . The SSI damping was modeled directly as linear viscous dashpots. Structural damping was modeled as modal damping, 3% for the SGS and topsides and 2% for the flare boom. 
Time History Analysis Results
The base shear, vertical force, overturning moment and twisting moment calculated using RSA and THA are compared in Table 6 with the base MTR/SASSI (Column 1) results for URUS and ELE input. Column 2 are the results for MTR/SASSI where SSI is modeled with KC, column 3 are the ANSYS time history results, column 4 are the SAP2000 time history results and column 5 are the SACS RSA results. Additionally the ratios of the calculated values to the base MTR/SASSI case are shown in Table 6 . As expected the MTR/SASSI results with KC align within 5 percent of the base case. The other three methods are also within 15 percent of the base case with some values being under predicted.
Maximum accelerations computed using THA are compared with the base MTR/SASSI results in Table 7 . The accelerations were calculated at the top of the SGS legs and the topsides top deck corners (average of four locations). The first set of results were obtained from MTR/SASSI using time history analysis. The second set are from SAP2000 THA. The third set of results are the same SAP2000 RSA results reported in column 3 of Table 5 . Table 7 also shows the ratio of the calculated SAP2000 accelerations to the target MTR/SASSI values. In general the SAP2000 accelerations are within 10 percent of the target accelerations. In general using an SSI analysis approach that is implemented in SASSI is the most appropriate method for SSI analyses since the dynamic soil stiffness is rigorously modeled in the frequency domain and variable material damping can be properly represented. However the results from various software packages were compared to the base case results. Each alternative program has analysis limitations to solve a KMC gravity base foundation problem. The objective was to envelop the MTR/SASSI results without being too conservative. While this was in general possible it was not achievable in all areas.
Figure 9. Rayleigh Damping Curves for ALE SEISMIC LOADS FOR EQUIPMENT AND PIPING
One notable issue investigated in this study is how to best facilitate proper inclusion of local dynamic amplifications from the supporting superstructure in the seismic design of topsides equipment, appurtenances, & piping. The topsides equipment and piping design is normally performed by mechanical discipline personnel with minimum interfacing with civil/structural personnel. However, calculation of the seismic loads is usually generated by civil/structural discipline, especially if SSI analyses are included. Topsides equipment and piping loads can be specified as quasi-static accelerations or preferably in the form of floor response spectra generated directly from the SSI model to properly account for structural global dynamic amplifications. Without proper interfacing between disciplines, topsides equipment and piping systems may end up being designed for unconservative seismic loads.
CONCLUSIONS
SSI analyses were performed for a steel gravity structure using a number of different software and various impedance-based KMC methods. Benchmark results were calculated with MTR/SASSI software using the flexible volume substructuring method in the frequency domain for alignment. The following conclusions were derived:  The dynamic response of large gravity-based structures should incorporate SSI effects even in moderate seismic zones to achieve a more optimized foundation design and avoid the potential for unconservative design of the superstructure and topsides equipment and piping.  When detailed design models are simplified for SSI analysis or converted for input to other computer programs it is essential to align the results by comparing the fixed-base response obtained from the different models. The fixed-base results can also be used to better understand the effects of SSI.  Initial SSI investigations should include sufficient details prior to accepting any simplifications, such as the assuming a rigid base slab or ignoring interaction between multiple foundation pads through the soil.  When performing modal superposition analysis some programs retain all DOFs with mass as dynamic DOFs while other programs, such as SACS, require the user to specify the retained DOFs. Erroneous and unconservative responses may results if an adequate number of DOFs in appropriate locations are not retained.  It is essential to check the design of secondary systems using properly calculated floor response spectra. In most situations in moderate seismic zones, seismic loads may control the design of equipment and piping especially safety components needed for safe shutdown following an ALE event.  In general, it is preferable to use a detailed SSI analysis approach such as the one implemented in SASSI because the dynamic soil stiffness is rigorously modeled in the frequency domain and variable material damping can be properly represented. For the design of large structures, however, it may be necessary to use other software packages that use the KMC method and RSA in which case it is necessary to understand the limitations of each program and to align the results with the more detailed calculations performed using a more comprehensive SSI methodology such as MTR/SASSI. With proper alignment, it is possible to manage the various limitations of the software while maintaining adequate margins for design. This conclusion may not be applicable to more complicated soil profiles or when the dynamic response of the soil/foundation/structure is strongly nonlinear.
